resentative tilt angles are shown in Fig. 3 . The mechanisms of light absorption and current generation in a solar cell have been recently described by Feldman. 5 In short, incident photons excite electrons, which experience electric drift across the junction of a semiconductor diode. When an external circuit is present, the motion of charge has the capacity to deliver power to a load. The relationship between current and voltage generally follows the Shockley diode equation with an additional illumination-dependent current source. 6 Maximum current is generated when the solar panel is perpendicular to the incident light rays, which occurred with the panel tilted approximately 30° from vertical during the measurements presented in Fig. 3 . When the panel is adjusted to an angle q away from the optimal orientation, the incident flux is reduced by a factor of cos q. 7 A small increase in reflection loss may also contribute to the reduction of power generation as q is increased. Differences between the measured and expected current shown in Fig. 3 may be attributed to atmospheric variations in the solar flux (i.e., variable cloud cover).
Since the power delivered to the load is simply the prod- T ypical commercial solar panels consist of approximately 60 individual photovoltaic cells connected in series. Since the usual Kirchhoff rules apply, the current is uniform throughout the circuit, while the electric potential of the individual devices is cumulative. Hence, a solar panel is a good analog of a simple resistive series circuit, except that the devices generate (rather than burn!) electrical power. For example, in order to sustain the current flow, each device must generate the requisite current. As a result, the least efficient device limits the current throughout. Photovoltaic cells also have a more complicated current-voltage (I-V) characteristic, which determines the optimal load for power extraction. These considerations, among others, make the solar panel an excellent platform for exploring the physics of electric circuits.
Over the past decade, we have witnessed a dramatic surge in student affinity for energy research and applications. Physics students are increasingly aware of the energy and climate challenges that the world community faces, and they are increasingly interested in contributing to potential solutions. Hence, incorporating an investigation of practical solar energy conversion is a good way of motivating and enriching the study of electric circuits. Here are some ideas for how this goal can be accomplished.
The circuit diagram of an ideal solar panel is shown in Fig.  1 . Presumably, the devices are wired in series to reduce I 2 R resistive losses. 1 For our study, we used a Sharp 240-Watt MultiPurpose Module (part # NU-Q240F2) solar panel mounted on a horizontal pivot behind the central axis of the panel frame to facilitate variation of tilt (see Fig. 2 ). The present cost for a typical commercial module like this is a few hundred dollars. We connect the electrical output of the panel to a low-resistance, high-current sliding rheostat (rated 15.2 ohms and 8.5 A, manufactured by the James G. Biddle Co.) to accommodate measurements of current and voltage as a function of load. A quick Internet search indicates that a comparable rheostat can be purchased (used) on eBay for about $50.
The intensity of the incident sunlight is monitored with a broadband optical power meter. Measuring the optical power of a broad-spectrum source like the Sun is most easily accomplished with a spectrally flat thermal sensor such as the Thorlabs S302C (approximately $1100 with the PM100USB interface). However, illuminance measurements (in lux) with a photo-diode-based light level sensor (such as the $60 PASCO PS-2177A) can be converted to irradiance (in W/m 2 ) if the incident and response spectra are known. 2 Alternatively, a number of relatively simple thermal experiments for measuring the solar constant have been described. 3, 4 As a possible extension, we show that a thermal camera (we use a FLIR T300) can be employed to image the temperature of the individual cells under various operating conditions.
Typical I-V curves under nominally full Sun at three rep- Thermal images of the solar panel were obtained under a variety of environmental and loading conditions. A typical image is shown in Fig. 5 . A technical note from the camera manufacturer suggests that a solar irradiance of 500 W/m 2 or higher is needed for good thermal contrast, 9 but we found that significant variation in the operating temperature of individual devices could be observed under a completely overcast sky. Since we conducted our experiment in November, the cooler air temperature may have enhanced the thermal contrast. 9 When individual cells appear hotter, yielding a patchwork pattern like that shown in Fig. 5 , the cause can usually be attributed to defective bypass diodes, internal short-circuits, or cell mismatch. Distinguishing between these faults may be accomplished via a simulation of the circuit. For example, more advanced students can use SPICE to develop a model of the solar module and study the effects of bypass diodes, parasitic resistances, and cell mismatch on the dark and illuminated I-V characteristics. 10 For the introductory student, it is sufficient to note that a lack of uniformity among cells implies disparity in the current generation mechanism, which presents a challenge to Kirchhoff 's junction rule. Since the least effective device will ultimately limit the current throughout the rest of the circuit, excess energy will be lost in the higher performing cells. Quality control in the manufacturing process is important for minimizing the impact of any defective cells.
As we look towards a more sustainable energy future, photovoltaic systems composed of solar module arrays will be more and more commonplace. Our students have an important stake in the transition to alternative energy technologies, so familiarity with the underlying operating parameters of devices like solar modules will be increasingly valuable. At the same time, the experiments described here provide opuct of the current and the voltage, while the load is given by Ohm's law (V/I), these quantities can be computed directly from the data shown in Fig. 3 . The results are given in Fig.  4 . We see that the optimal load for maximum power extraction is approximately 4 Ω. This condition corresponds to the "knee" of the I-V curve where the voltage is made as large as possible without compromising too much in current reduction. Practical photovoltaic systems must control the load in order to track this peak power point over time and harness the maximum energy.
The conversion efficiency of the solar module can be determined from the ratio of the electrical power out to the optical power in. 8 Figure 4 indicates a peak electrical power output of approximately 200 W. Meanwhile, the intensity of the incident sunlight is measured to be approximately 890 W/m 2 . Since the dimensions of the solar panel are 0.99 x 1.64 m 2 , the total optical power input is the product of the intensity and the area, which gives 1450 W. The resulting efficiency is 13.8%, which compares favorably with the manufacturer's specified maximum efficiency of 14.7%. portunities for studying a wide range of introductory-level physical phenomena including Kirchhoff 's rules, the concept of flux, Ohm's law, and the relationship between current, voltage, and power. If a thermal camera is available, more advanced topics related to the mechanism of heat generation can be investigated. More generally, solar panel physics can be used to form a meaningful link between the introductory curriculum and our shared environmental future.
